In this Letter, we experimentally explore the pulse-contrast degradation caused by surface reflection in optical parameter chirped-pulse amplification. Different pump-to-signal conversion efficiencies and post-pulses with different intensities are obtained by changing the seed-pulse or pump-pulse energy and inserting etalons with different reflection coefficients, respectively. The contrast measurements show that the generated first pre-pulse intensity is proportional to the product of the surface reflection intensity ratio and the square of the pump-to-signal conversion efficiency.
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The development of chirped-pulse amplification (CPA) [1] and optical parametric CPA (OPCPA) [2] [3] [4] technology provides an extreme tool to study laser-matter interactions in the relativistic regimes with on-target intensity exceeding 10 22 W∕cm 2 . So far, several 5 PW level laser systems have been built among the world based on either CPA [5, 6] or OPCPA [4] technology. Compared with CPA, OPCPA has many advantages, such as high single-pass gain, broadband gain bandwidth, and low thermal loading effects. These features make it a very attractive technique to generate ultra-short laser pulses in multi-petawatt (PW) laser systems.
During the amplification of laser pulses, the pulse contrast may be degraded significantly, which is caused by isolated pre-pulses or by a slowly varying pedestal after pulse recompression. Since the intensity of noise above the ionization threshold of the solid target could ionize the target before the main pulse arrives, which would radically modify the laser-plasma interaction processes [7] , the corresponding experiments require high contrast [8] . Basically, the long-time-range pedestal is usually caused by the amplified spontaneous emission (in CPA systems) [9] or parametric fluorescence (in OPCPA systems) [10] generated in the amplified process, which could be overcome by injecting a high-energy, high-contrast seed, or the highfrequency noise pedestal generated in the stretcher, which could be improved by avoiding the far-field high-frequency noise [11] . The pre-pulses are usually transformed from the post-pulses caused by surface reflection of the optical components in laser systems. Generally, there exist several generation mechanisms about the pre-pulses. In some amplifiers, such as a regenerative amplifier or a double-pass amplifier, some post-pulses may experience different paths with the main pulse, therefore, they go ahead of the main pulse and become pre-pulses [12] . This case can be avoided by carefully designing the amplifier or using wedged optical components. Didenko et al. have reported that the post-pulses can also lead to pre-pulses under the nonlinear effect in the amplification process [13] . Recently, Qian et al. have theoretically studied a novel mechanism of surface-reflection-initiated pulse-contrast degradation in an OPCPA system by an analytical approach together with numerical simulations [14] . According to their analysis, the pre-pulses are initiated from the surface-reflectioninduced modulation of the seed spectrum and occur as a consequence of high-order distortion of such modulated spectrum. The intensity of the first pre-pulse increases quadratically with the initial temporal modulation depth of the stretched signal pulse, as well as the conversion efficiency prior to substantial pump depletion. However, they have not presented the experimental results to support it.
In this Letter, we perform the experimental investigations, which verify that the post-pulses may lead to the pre-pulses in an OPCPA system. Our experiments are carried out in a high-contrast 1053 nm laser system. To investigate the relation between the post-and generated pre-pulse, etalons with different reflection ratios are used to generate post-pulses with different intensities. Besides, the pump and seed intensities are also changed during the experiment to vary the pump-to-signal conversion efficiency. The experimental results reveal that the intensity of the generated first pre-pulse is proportional to the product of the intensity ratio of the surface reflection and the square of the pump-to-signal conversion efficiency when the OPCPA system is running in the non-saturation region. Therefore, in the design of a high-contrast OPCPA system, the post-pulses should be carefully avoided.
Our experiment is carried out in the high-contrast laser system [11, 15] . Here, only the OPCPA stages are used, and the Nd:glass amplifiers are bypassed (Fig. 1) . The 1053 nm high-contrast seed pulse generated in the 800 nm femtosecond (fs) pulse pumped optical parametric amplifier (OPA) is stretched to about 1.1 ns in a Martinez two-lens stretcher. The 60 μJ stretched pulse is then amplified in the two OPCPA stages. At the 160 mJ pump energy, the amplified energy is measured to be 10.5 mJ. After the amplified pulse is compressed in the two-grating compressor, a scanning third-order autocorrelator (Sequoia-1000, Amplitude Technologies) is used to measure the contrast. The amplified spectrum (see the inset in Fig. 2) shows that the OPCPA amplifier is operating at a non-saturated state, which suppresses the generation of the parametric fluorescence. In the following experiment, the energy of the pump laser is controlled lower than 180 mJ to avoid damaging the windows of the vacuum tube used for image-relaying the pump laser.
Weak post-pulses after the seed pulse are created by inserting a 5 mm thick fused silica etalon without coating (E1) into the beam perpendicular to its axis. The etalon is inserted between the pulse clean device (OPA) and pulse stretcher (see Fig. 1 ). The measured intensities of the first and second post-pulses [ Fig. 3(a) ] at 48.4 and 96.8 ps are close to the levels deduced by the Fresnel reflection: 1.16 × 10 −3 and 1.35×10 −6 , respectively. When the OPA is running in the saturation region, the reconversion results in the post-pulses experiencing higher gain than the main pulse. Hence, the measured intensities of the first and second post-pulses should be higher than the levels deduced by the Fresnel reflection, which further proves the OPCPA system operating in the non-saturation region. In the contrast scanning measurement, at the mirror position of a real post-pulse, there may exist a false pre-pulse, which is caused by interaction of the second harmonic of the post-pulse and the fundamental of the main peak. In this case, I pre−pulse ¼ I 0 ·I 2 post−pulse . Therefore, the measured first pre-pulse (2.13 × 10 −4 ) at the delay of −48.4 ps is obviously not a ghost pulse. Meanwhile, the contrast scanning without an etalon inserted shows that there is no pre-pulse [blue line in Fig. 3(a) ]. Therefore, we can conclude that the first pre-pulse is generated by the interaction of OPCPA and the first post-pulse induced by the etalon.
In the following, we experimentally study the relationship between the intensity of the first pre-pulse and the main pulse by changing two parameters η and r, which stand for the pump-to-signal conversion efficiency and the ratio of the surface reflection, respectively. The surface reflection ratio r is proportional to the square of the sinusoidal modulation depth of the seed spectrum induced by the interference between the first post-pulse and the main pulse. The pump-to-signal conversion efficiency η stands for the depletion of the pump light.
To analyze the relationship between the intensity of the first pre-pulse and the surface reflection ratio r, other two etalons with different coatings are also used in the experiment: E2 with a single antireflection (AR) coating of about 0.30%, and E3 with double AR coatings of about 0.03%. In the contrast measurement, the pump (160 mJ) and seed (60 μJ) are fixed. Figure 3(a) shows the measured intensities of the first pre-pulses for different etalons, which have values of 2.13 × 10 −4 , 9.63 × 10 −6 , and 4.43 × 10 −9 , respectively. The results show a direct proportion between I pre−pulse ∕I 0 and r, as shown in Fig. 3(b) by the fitting curve. Besides, the second prepulses are observed in the experiment at the delay of −96.8 ps for E1 and E2 [see Fig. 3(a) ], which have the intensities of 8.23 × 10 −8 and 5.43 × 10 −10 , respectively. The measured second pre-pulse actually corresponds to the first pre-pulse caused by the second post-pulse, because the intensity of the second pre-pulse caused by the first post-pulse should be smaller than the square of that of the first pre-pulse, according to the analysis in Ref. [14] . Additionally, thanks to the small reflection ratio of E3, the corresponding second pre-pulse exceeds the dynamic range of the instrument and, hence, cannot be measured.
During the OPCPA progress, the pump-to-signal conversion efficiency is decided by both the energy of the pump and seed pulse. Next, we use E1 to generate a post-pulse with a constant initial post-pulse intensity ratio r while changing the pump and seed energy. Through this, we further investigate the relationship between the intensity of the first pre-pulse and the pump-to-signal conversion efficiency η. The seed energy is changed by inserting a neutral density filter (NE06 A, Thorlabs) before the OPCPA system, which has a 23.6% energy transmission ratio at 1053 nm. Meanwhile, we can also change the pump energy. With the neutral density filter inserted, 2.80%, 3.47%, and 4.22% pump-to-signal efficiencies are obtained when the energy of the pump laser increases from 160 and 170 mJ to 180 mJ. Another intensity data is measured with 6.56% conversion efficiency when the pump energy is 160 mJ without the neutral density filter. With η increasing from 2.80% to 6.56%, the relative intensity of the first pre-pulse increases from 3.53 × 10 −5 and 6.34 × 10 −5 to 9.96 × 10 −5 and then to 2.13 × 10 −4 , showing a linear proportion between I pre−pulse ∕I 0 and η 2 (see Fig. 4 ). A higher η stands for higher nonlinear coupling strength between the modulated signal and the pump light, which results in more serious pulse-contrast degradation.
In the experiments discussed above, either the pump-tosignal conversion efficiency η or the intensity ratio r is considered separately. Here, the relationship of the intensity of the pre-pulse with the pump-to-signal conversion efficiency η and intensity ratio r is comprehensively considered by implementing eight scenarios with the parameters listed in Table 1 . The intensity ratio r is controlled by using etalons with different coatings. Meanwhile, the pump-to-signal conversion efficiency η is adjusted by manipulating the pump energy, the seed energy, and the thickness of the beta-barium borate (BBO) crystal. When adjusting the parameter of η, the energy of the seed pulse is adjusted by whether the neutral density filter is used or not, while the length of the crystal is controlled by using two BBO crystals or only the first BBO crystal in the OPCPA amplifier. With the detailed experimental parameters listed in Table 1 , Fig. 5 gives the experiment results and the fitting curve. Obviously, the intensities of the pre-pulses are proportional to the product of reflection ratio r and the square of the pump-to-signal conversion ratio η 2 . The experimental values compare well quantitatively with values predicted as the following analytic equation [14] :
where I pre−pulse and I 0 are the intensity of the first-order pre-pulse and the main pulse, respectively. Surface reflection is a common phenomenon in a large laser system; hence, the impact of surface-reflections-induced contrast degradation cannot be ignored. Therefore, measures, such as coating and wedging the transmissive optical elements, should be taken to minimize the surface reflectivity.
In conclusion, we perform experiments to demonstrate that pre-pulses can be generated in an OPCPA system due to the existence of the surface reflection. The experimental results reveal that the intensity of the first pre-pulse is well confirmed to the proportional relationship with the product of the intensity ratio of the surface reflection and the square of the pump-to-signal conversion efficiency. The verified new pulse contrast degradation mechanism reminds us that the impact of surface-reflections-induced contrast degradation should be carefully considered when a high-contrast OPCPA system is designed. To obtain a further understanding of the pre-pulse generation in OPCPA systems, more work should be carried out in the future, such as the first pre-pulse generation in the case of OPCPA saturation operation.
